This paper develops a contention-based opportunistic feedback technique towards relay selection in a dense wireless network. This technique enables the forwarding of additional parity information from the selected relay to the destination. For a given network, the effects of varying key parameters such as the feedback probability are presented and discussed. A primary advantage of the proposed technique is that relay selection can be performed in a distributed way. Simulation results find its performance to closely match that of centralized schemes that utilize GPS information, unlike the proposed method. The proposed relay selection method is also found to achieve throughput gains over a point-to-point transmission strategy.
INTRODUCTION
Mesh networks are integral to the operation ofnext-generation wireless systems. One of the key aspects of mesh networks is their ability to support multihop signaling, where intermediate nodes can act as relays by forwarding a message from a source to a distant destination. Message forwarding occurs over inherently unstable wireless links; thus, throughput and reliability are decreased by packet outages. Hybrid automatic-repeat-request (ARQ) has been proposed as an enabling method for satisfying quality-of-service (QoS) constraints in wireless systems. Hybrid-ARQ methods are particularly useful in mesh networks, where relays that are closer to the destination than the source can forward additional parity information to the destination if the destination detects uncorrectable packet errors [9] . This decreases the number of retransmission cycles that are needed for decoding the source message. Two-hop networks are especially useful for improving coverage and throughput in cellular systems. In a two-hop network, the source can select either a single relay or multiple relays to forward its message to the destination. There has been significant prior work on multiple relay selection [1] and single relay selection [2, 3, 4, 5, 6, 7, 8, 9] . In the work most closely related to this paper, [9] , GPS information is used to select the closest decoding relay to the destination to forward parity information. This selection method optimizes the average SNR at the destination, but the necessity of using GPS information in the selection process makes practical implementation difficult. Further, global network information is required at all nodes which becomes more difficult to obtain and store as the number of nodes increases; a more decentralized method for relay selection would be preferable.
In this paper, we propose a decentralized relay selection approach that relies on random access-based feedback to the source. Relay selection is based on opportunistic feedback [10] , which is designed for user selection in a downlink wireless system. In our approach, the source uses "Hello" messages from the relays to select a relay to forward parity information to the destination if it detects an uncorrectable packet error. The "Hello" message feedback is controlled by factors including the relay channel gain to the destination. We present and discuss the effects on system performance ofvarying key parameters such as the feedback probability and channel threshold. Our approach significantly outperforms a pointto-point hybrid-ARQ strategy where the source forwards the parity information to the destination. Also, our strategy yields throughputs that are very close to those yielded by the GPSbased strategy in [9] . This further demonstrates the utility of decentralized relay selection algorithms in dense networks.
We use boldface notation for vectors. SNR represents the signal-to-noise ratio. 1 A denotes the cardinality of a set A.
SYSTEM MODEL
Consider the setup in Fig. 1 . There are K, relays that are interspersed in the region between the source and the destination. We adopt the system constraints in [9] , so each relay operates in a half-duplex mode and is equipped with a single antenna. In particular, when either the source, one of the relays, or the destination sends a message, all ofthe other nodes are in a receiving mode.
Transmission occurs over a set of time slots {ti, ...,tm} which are of equal duration. Initially, the source has a k-bit message w that is encoded as an n-bit codeword x. We adopt the ARQ/FEC protocol in [11] , so the source chooses code rates {RI, R2, ..., Rm } from a rate-compatible punctured convolutional code (RCPC) family, and R1 > R2 > ... > Rm. The rate-Rm code is the mother code of the RCPC family. Before t1, the source and destination perform RTS/CTSbased handshaking to achieve synchronization. During t1, the source transmits a subset x1 of the bits in x such that x1 forms a codeword from the rate-R1 code. The destination observes Yr,l ht,,Xl + nr (1) while relay i C {1, 2, ..., K,} observes
Here, ht,j represents a Rayleigh fading coefficient for the channel between the source and node i, while ni represents additive white Gaussian noise with variance No at node i.
We assume that all fading coefficients are constant over a time slot and vary from slot to slot, which is a valid assumption given that each time slot is less than the channel coherence time. It is also assumed that fading and additive noise are independent across the nodes, which are valid assumptions given that node separation is greater than the channel coherence distance. It is also assumed that all nodes have no knowledge of fading coefficients and must learn them via training data at the beginning of each packet transmission.
The destination attempts to decode Yr 1 If decoding is successful, the destination broadcasts an ACK message to all of the relays and the source. If decoding is unsuccessful, the destination broadcasts a NACK message to all of the relays and the source. The challenge for the source is to select one ofthe relays to forward additional parity information that will assist the destination in recovering w. We now describe our method for relay selection.
OPPORTUNISTIC RELAY SELECTION
We modify the opportunistic feedback approach in [10] to select one ofthe relays. The framing structure for our algorithm is shown in Fig. 2 . In Fig. 2 it is assumed that a NACK is sent after each packet transmission, which automatically starts the relay contention process. Let 7Zsei denote the set of relays that can participate in the relay selection process, where relay iC Rsei has both recovered w and has a channel gain to the destination I hi,, 2 that is above a threshold Tr,pp. Each relay i can determine hi,2 by listening to the destination's ACK or NACK message after a packet transmission; the ACK or NACK message is embedded in a packet that contains training data. All relays in R,sei are allocated the same K minislots for feedback to the source.
During minislot b, each relay i C 7Zsei will send a "Hello" message to the source with probability Pi. Successful contention occurs during minislot b if exactly one relay i C lR, sends a "Hello" message to the source. If relays s, t C 7Zsel send "Hello" messages during minislot b and s 74 t, a collision occurs and the source discards all received "Hello" messages. After minislot K has been completed, the source determines if successful contention has occurred for at least one minislot b. If so, the source randomly selects a relay it that has successfully sent a "Hello" message to it; otherwise the source will transmit during t2. During t2, relay it (or the source) transmits a subset x2 of the bits in x such that x1 U x2 forms a codeword from the rate-R2 code. This means that the destination should not discard Yr.J after tl; instead, it should combine Yr,i with Yr,2 =hit rX2 + nr (3) and attempt to decode Yr,i U Yr 2 based on the rate-R2 code.
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If decoding at the destination is unsuccessful, the destination broadcasts another NACK message to all of the relays and the source, and then we repeat the relay contention process to select another relay to transmit during t3. This process repeats until the destination successfully recovers w or the rate-Rm code has been used without successful decoding.
To compute the throughput of this scheme, we use (16) from [11] Ray9 rk P n+M P+IAV (4) where IAV is the average number of additionally transmitted bits per P information bits, P is the puncturing period of the RCPC family and M is the memory of the mother code.
Since relay i can determine l hi,,2, we could have modified our protocol to have all of the decoding relays perform distributed beamforming. Distributed beamforming is difficult to implement in practice, though, since the oscillators in distinct nodes are not necessarily synchronized and are subject to phase noise. We could have also modified our protocol to have all of the decoding relays forward their parity information using orthogonal time slots, but this would tax system resources as 7 lZsei grows large.
PERFORMANCE IMPACT OF VARYING SYSTEM PARAMETERS
By optimizing parameters such as the relay-to-source feedback probability pi and the relay-to-destination channel threshold %pp, we can maximize the throughput for our approach.
A joint optimization of these parameters is fairly difficult, though, so in this section we provide some insight as to how each parameter individually affects the throughput. For simulation purposes, we employ the path loss model described in [9] ; thus, the received energy at node i is -Fi = hb,i 2x1 = (Ac/47do)2 (db,i/do) 86X1 (5) (6) where E&, is the transmitted energy in xl. Here, A, is the carrier wavelength, do is a reference distance, db,i is the distance between transmitting node b and receiving node i, and p, is a path loss exponent.
We adopt similar simulation parameters as those in [9] .
Here, we employ a carrier frequency ft = 2.4GHz, do = Im, dt,r = l00m and p = 3, where dt,r is the distance between the source and the destination. We then uniformly distribute Kr = 20 relays in the region between the source and the destination such that each relay i is di,r < dt,, units from the destination. We also use the WiMAX signaling bandwidth, which is roughly 9 MHz We employ the codes of rates {4/5, 2/3, 4/7, 1/2, 1/3} from the M = 6 RCPC family in [11] . We perform concatenated coding, where the outer code is a (255, 239) Reed-Solomon code with symbols from GF(28); this code can correct at most 8 errors. The mother code for the RCPC family is a rate-1/3 convolutional code with constraint length 7 and generator polynomial (145 171 133) in octal notation. Fig. 3 shows how the throughput Ray9 yielded by our selection approach varies with the feedback probability pi.
Here we fix K 10 minislots and set the channel feedback threshold qpp =-91dB. The average received SNR at the destination is 2 dB. We see that the throughput is maximized aroundpi = 0.3.
The observed throughput performance has a nice intuitive explanation. For large values of the feedback probability Pi, each relay node i C 7Zsei is more likely to send a "Hello" message to the source during each minislot b, which increases the likelihood of a collision during minislot b; this also increases the likelihood that no relays will be selected during the entire contention period and that the source will end up forwarding the next set of parity bits to the destination. For small values of the feedback probability Pi, each relay node i C Rsei is less likely to send a "Hello" message to the source during each minislot b, which decreases the likelihood of successful contention in minislot b; again, this increases the likelihood that the source will end up forwarding the next set of parity bits to the destination. Fig. 4 shows how the throughput Ravg yielded by our selection approach varies with the channel feedback threshold %pp. Here we fix K = 10 minislots and set the feedback probability Pi = 0.1. The average received SNR at the destination is 2 dB. We see that the throughput is maximized around %pp = -91dB. The observed performance can be intuitively explained as follows. received SNR (dB) 6 8 Fig . 5 . Comparison with GPS-based strategy in [9] .
THROUGHPUT COMPARISON WITH GPS-BASED STRATEGY
In this section we compare the throughput of our proposed strategy with the throughput of the GPS-based HARBINGER approach in [9] . We also consider the throughput of a pointto-point transmission strategy where the source always forwards additional parity bits to the destination. We set rVQpp = -91dB, pi = 0.3, and K = 10 minislots; the other simulation parameters are the same as in Section 4. We see in Fig. 5 that our proposed approach yields results that are comparable to those yielded by the HARBINGER approach; in some cases, the decentralized strategy outperforms the HARBINGER approach. This demonstrates that random access-based schemes can yield good performance. Recall that the HARBINGER method optimizes the average received SNR at the destination by selecting the closest decoding relay to the destination to forward parity information. This method, though, does not necessarily select the decoding relay that would yield the highest instantaneous received SNR at the destination. Thus, the proposed approach can outperform the HARBINGER method in some cases.
